To detect low-level DNA platination, a sensitive immunocyto-and histochemical technique was developed using a polyclonal antibody. The antibody GPt, derived after immunization of rabbits with highly platinated DNA and purified with affinity chromatography, detected the main platinum (Pt)-containing intrastrand and interstrand adducts. Double-fluorescence microscopy image analysis was used to quantify Pt-DNA adducts with Hoechst 33258 fluorescence to locate the nuclei and with fluorescein isothiocyanate fluorescence to measure the immunosignal. A two-to five-fold dose-dependent difference in the level of cisplatin (CDDP)-induced Pt-DNA adducts between a CDDPsensitive and -resistant human tumour cell line was detected. Large differences in Pt-DNA adduct levels after in vitro CDDP incubation between human buccal cells, lymphocytes and biopsies of different tumour types were observed. Pt-DNA adduct levels were fivefold higher in human testicular tumours than in colon tumours, representing CDDP-sensitive and -resistant tumours, respectively, in the clinic. These data suggest the possibility of predictive testing by measuring Pt-DNA adduct levels. Pt-DNA adducts in patients after treatment with CDDP were shown in normal buccal cells and in imprints of fresh tumour biopsies as well as in paraffin-embedded tumour cells. The analysis of Pt-DNA adducts at a single-cell level in small samples of normal and tumour cells during and/or after treatment is feasible with GPt and will hopefully enable more selective treatment of patients.
CDDP and its analogues are among the most important chemotherapeutic drugs in clinical practice with a broad spectrum of activity. Almost all patients treated for testicular cancer with CDDP-containing combinations respond, and approximately 80% are cured. In contrast, no cures can be obtained in the case of colon cancer and most other solid tumours, even when initially sensitive to this drug, for example in the case of small-cell lung cancer (Loehrer and Einhorn, 1984) . In all of these settings, a number of patients will not respond to therapy, although side-effects will be similar to those of responders. It would be desirable to be able to predict response to therapy as, for non-responders, either dose intensification or other forms of treatment would be preferable to standard CDDP treatment.
In the past, rather unsuccessful attempts have been made to predict responses to therapy. Studies were performed with detection methods for cell kill (Hamburger and Salmon, 1977) or proliferation inhibition (Mosman, 1983; Weisenthal et al, 1983) in solid tumour samples exposed to drugs in vitro. Attempts to predict the effects of treatment of childhood lymphoblastic leukaemia by exposure of (non-proliferating) peripheral blood blast cells in vitro to drugs before systemic treatment have been more successful (Pieters et al, 1991) . For solid tumours, some positive results have been reported; the level of platinum (Pt)-DNA adducts in leucocytes of patients treated with CDDP was found to correlate with treatment outcome (Poirier et al, 1985 (Poirier et al, , 1992 Reed et al, 1986 Reed et al, , 1987 Reed et al, , 1988 Reed et al, , 1990 Reed et al, , 1993 Fichtinger-Schepman et al, 1987 Dabholkar et al, 1992) . Until now, no serial measurements of Pt-DNA adduct levels have been performed in tumour cells of patients before, during and/or after CDDP treatment. Ideally, this measurement should be performed before treatment (requiring in vitro testing), but altematively it would still be worthwhile to obtain a tumour sample early in the treatment.
An immunocyto-and histochemical technique was developed with a new polyclonal antibody, GPt, which allows the detection of low-level Pt-DNA adducts at a single-cell level in small samples of a broad range of material. Double-fluorescence microscopy image analysis was used for quantitation. The present study describes this technique and its application under both in vitro and in vivo conditions. MATERIALS AND METHODS Chemicals CDDP and carboplatin were obtained from Bristol-Myers SAE (Weesp, The Netherlands) and doxorubicin from Pharmacia, Farmitalia Carlo Erba (Milan, Italy). RPMI-1640 medium and fetal calf serum (FCS) were purchased from Life Technologies (Paisley, UK). Human DNA, salmon sperm DNA, complete and incomplete Freund's adjuvants, Tween-20, ethanolamine and alkaline phosphatase conjugated goat anti-rabbit antibody were obtained from Sigma (St Louis, MO, USA). Methylated bovine serum albumin (mBSA) was obtained from Serva (Heidelberg, Germany), p-nitrophenyl phosphate from Boehringer Mannheim (Mannheim, Germany), the DNA polymers poly(dG).poly(dC), poly(dA-dG).(dC-dT), poly (dG-dC Subsequently, a sustaining dose (210 jig Pt-DNA/210 gg mBSA in incomplete Freund's adjuvant) was given intramuscularly every 6 weeks. Serum was collected 10 and 20 days after the intramuscular sustaining dose and screened for antibody production by an enzyme-linked immunosorbent assay (ELISA).
The ELISA was performed according to Fichtinger-Schepman et al (1985) with slight modifications and was used to select antibodies and to characterize the adduct specificity of selected antibodies. Microtitre plates were coated overnight at 370C with heatdenatured CDDP-treated (3.3 and 16.5 jM, S h at 60°C) salmon sperm DNA, with drug-nucleotide ratios of 0.0012 ± 0.0004 and 0.0082 ± 0.0022 (mean ± s.d.), respectively, by incubation of 0.05 jg of DNA solution in phosphate-buffered saline-I (PBS-1) per well. After intensive washing, coated plates were used immediately or stored at -200C (for a maximum of 14 days). Plates were preincubated with 0.05% Tween-20 in PBS-I plus 1% FCS (to block non-specific antibody binding), washed and incubated with dilutions of serum or subsequently with affinitypurified antibodies (see below) (1.5 h at 370C). Alkaline phosphatase conjugated second antibody together with the substrate p-nitrophenyl phosphate were used to visualize the signal. The absorbance was read at 405 nm using a scanning microtitre well spectrophotometer. The amount of Pt-DNA adducts in the samples was determined with the ELISA in the competitive mode. This is identical to the direct ELISA except that the plates were incubated with competition mixtures instead of antibody. The competition mixtures contained fixed amounts of antibody and various amounts of inhibitor that were pre-incubated for 1 h at 37°C before being added to the wells.
Preparation of platinated DNAs and polymers
Salmon sperm DNA and the DNA polymers poly(dG).poly(dC), poly(dA-dG)-(dC-dT) and poly(dG-dC)-poly(dG-dC) were dissolved in Tris-EDTA buffer (1O mm Tris-HCl, 1 mm disodium EDTA) and treated with CDDP (500 jM) for 4 h at 370C. After platination, the salmon sperm DNA was precipitated with icecold 100% ethanol, washed twice with ice-cold 80% ethanol and dissolved in water. The DNA polymers were used after dialysis against Tris-EDTA buffer. In addition 2 x 108 cells of the human small-cell lung cancer cell line GLC4 (Hospers et al, 1988 Meijer et al, 1990) were treated with CDDP (500 jM) for 4 h at 37°C, washed three times with PBS-1 at 4°C followed by DNA isolation as described before . Both the salmon sperm DNA and GLC4 DNA were digested and prepared for adduct separation by anion-exchange column chromatography [Mono Q HR 5/5 column, particle size 10 jM (Pharmacia)] as described previously Meijer et al, 1990 ).
The Pt content of the DNA polymers and separated adducts was determined by atomic absorption spectrometry (AAS). Total DNA content was estimated by absorption at 260 nm. Adducts and DNA polymers were used as inhibitors in the competitive ELISA.
Affinity chromatography
Purification of selected serum (based on ELISA) was performed with affinity chromatography. DNA was platinated (with CDDP) to a drug-nucleotide ratio of 0.0007 and dialysed against, successively, 0.1 M ammonium bicarbonate, water and coupling buffer (0.1 M sodium bicarbonate, 0.5 M sodium chloride, pH 8.3). After denaturation, the platinated DNA was coupled to (cyanogen bromide)-activated Sepharose 4B; it was then washed, followed by blocking of remaining active groups with ethanolamine (1 M, pH 9.0). After intensive washing with low (0.1 M acetate buffer, pH 4.0)-and high (coupling buffer, pH 8.3)-pH buffer solutions followed by PBS-1, the column was packed and, after an additional wash procedure with PBS-1, was ready to use. At that time, 0.5 ml of serum was applied to the column. The affinity-purified antibody GPt was eluted from the column by guanidine-HCl (4 M, pH 3.1), dialysed against PBS-I and used as such.
Immunocyto-and histochemistry
Slides were air dried, fixed for 10 min in cold (-20°C) methanol followed by 2 min in cold (-20'C) acetone, again air dried and stored at -20'C until immunostaining. Paraffin-embedded biopsies, however, were fixed with formalin before embedding, stored at room temperature and deparaffinized before immunostaining. Upon staining, the slides were dried (except for paraffinembedded sections, which were used directly after being deparaffinized) washed with PBS-2 and incubated (30 min) with 1% human AB serum and 1% BSA to block non-specific antibody binding, followed by an overnight treatment with GPt (1:6) at room temperature. After washing with PBS-2, the presence of Pt-DNA adducts was visualized by incubation with a FITC label and counterstained for DNA detection by Hoechst. An antifade mounting medium was applied, and slides were stored at 4°C in the dark until image analysis.
Image analysis
Double-fluorescence quantitative video microscopy was used to measure the level of Pt-DNA adducts. At least 50-100 nuclei per slide were processed for FITC and Hoechst fluorescence. The Hoechst image served a twofold purpose. Firstly, it was used to separate the nuclei from the background, using an automatic local threshold selection method derived by Kittler et al (1985) . Secondly, it was used to provide a measure of the local DNA surface density for each point within each nucleus. A new approach to multiple fluorescence image analysis, fluorescence linear fit microscopy (FLFM), was developed, which allowed the quantitation of Pt-DNA adducts. Per nucleus, a linear fit of the FITC fluorescence signal at each point as a function of the local DNA surface density was performed. The resulting slope yields the portion of FITC fluorescence attributable to the presence of DNA and hence to the presence of Pt-DNA adducts. The intercept (Wilkinson et al, 1993; .
Applicability of GPT
The applicability of GPt was evaluated in human cell lines, normal cells (buccal cells and/or lymphocytes) and tumour cells (tumour cell suspensions, imprints of fresh tumour biopsies or paraffin-embedded tumour biopsies) after CDDP exposure in vitro or in vivo. GLC4 and its 10-fold CDDP-resistant subline GLC4-CDDP (characterized by an unchanged cellular Pt level, an increased glutathione level, a decreased DNA platination and an increased DNA repair capacity; Hospers et al, 1988 Hospers et al, , 1990 Meijer et al, 1990) were used to test the immunocytochemical application of GPt in cell lines.
[CDDP concentrations inhibiting cell survival by 50% after a 4-h incubation with CDDP were 3.0 and 27.3 [tM respectively Immunocytochemical analysis of cisplatin-induced platinum-DNA adducts 293 with RPMI/3% FCS, followed by direct cytospin preparation in the case of in vivo CDDP-exposed samples or incubation with CDDP for the in vitro experiments, followed by cytospin preparation for immunostaining. Fresh tumour samples taken before chemotherapy were divided into parts and incubated with CDDP. Thereafter, imprints were prepared for immunostaining. For the measurement of Pt-DNA adduct levels after in vitro CDDP exposure under similar conditions, samples were incubated for 4 h with 3.3, 16.5 and 33 gM CDDP followed by washing, preparation, fixation and storage of the slides at -20°C until immunostaining. Feasibility of predictive testing was evaluated under the described in vitro conditions in human testicular and colon tumours, representing, respectively, CDDP-sensitive and -resistant tumour types in the clinic. In vivo Pt-DNA adduct levels were determined in normal buccal cells and/or tumour cells of four patients before, during and after treatment with CDDP-containing chemotherapy. Chemotherapy included 80-100 mg m-2 CDDP administered either over 5 days (n = 2) or as a bolus infusion with an interval of 3 weeks (n = 2). Pt-DNA adducts were also measured in sections of paraffinembedded tumour biopsies of patients who received hyperthermic isolated limb perfusion with CDDP for extremity tumours (CDDP dose ranged from 20 to 30 mg 1-' extremity volume) (Guchelaar et al, 1992) . Parallel sections were routinely stained with haematoxylin-eosin to check the presence of tumour cells.
RESULTS

Antibody development
Serum was selected because of its high binding capacity for low-level platinated DNA and its lack of binding to control DNA. GPt was derived after purification of selected serum with affinity chromatography. The detection limit of GPt in the ELISA was and increased dose-dependently in both cell lines. Immunostaining followed by computer image analysis showed dose-response curves ( Figure 3 ) in both GLC4 and GLC4-CDDP for the CDDP concentrations used and the median immunosignal of the nucleus. There was a two-to five-fold difference in the level of Pt-DNA adducts between the cell lines. Also carboplatin-induced DNA platination could be detected (data not shown). Based on available immunocytochemistry and atomic absorption spectrometry (AAS) data for GLC4, the lower detection limit of the immunocytochemical assay approaches 10 fmol of Pt per jg of DNA.
Reproducibility of the assay, tested by measuring Pt-DNA adduct levels in four individually performed staining experiments of GLC4, was calculated to be within 25% (coefficient of variance). The observed saturation of fluorescence at high extracellular CDDP incubation concentrations is clearly intrinsic to the specimen and is not caused by camera saturation. Figures 4 and 5 show photographs of representative immunostaining experiments and the corresponding computer analysis of the level of Pt-DNA adducts in buccal cells and lymphocytes after in vitro CDDP exposure. In contrast to the buccal cells, which showed a high level of Pt-DNA adducts, lymphocytes showed a low level of immunofluorescence (FITC exposure times were 0.1 s for the buccal cells and 5 s for the lymphocytes). The level of Pt-DNA adducts (corrected for exposure time and cell size) after in vitro CDDP exposure was fivefold higher in human testicular tumours than in colon tumour imprints ( Figure 6 ). Large differences in Pt-DNA adduct levels (corrected for exposure time and nuclei size) after in vitro CDDP exposure were observed between cell lines, buccal cells, lymphocytes and different tumour types (Figures 3-6 ).
British Journal of Cancer (1997) 76(3), 290-298 In vivo DNA platination Figure 7 shows in vivo Pt-DNA adduct levels measured in normal buccal cells and in smears of a lymph node. Samples were collected from a patient (patient A) with seminoma before and on days 1-4 of a 5-day CDDP regimen (20 mg mi-2 CDDP per day) and 4 days after the end of treatment. The level of Pt-DNA adducts increased during the treatment in buccal and tumour cells in this patient, who was cured by this treatment. The Pt-DNA adduct level declined in the buccal cells but was still detectable 4 days after the last administration of CDDP. Pt-DNA adducts were also measured in buccal cells of three other patients (Table 2) . A non-increasing low level of Pt-DNA adducts measured over 5 days was observed in samples of a non-responding patient (patient B) with an extragonadal germ cell tumour. Increasingly high levels of Pt-DNA adducts were observed over two and three cycles (with an interval of 3 weeks) of CDDPcontaining chemotherapy in two responding patients with choriocarcinoma (patients C and D). Pt-DNA adducts were also measured in paraffin-embedded human tumour samples after hyperthermic isolated limb perfusion with CDDP. Pt-DNA adduct levels, expressed as median immunosignal after 1 s FITC exposure time, were 0.41 (n = 1) immediately after, 1.31 (n = 3) 3-6 weeks after and 0.76 (n = 3) 3 months after perfusion. These levels were clearly detectable and were similar to the Pt-DNA adduct level of GLC4 after a 4-h exposure to 3.3 gM CDDP. There was still a significant level of Pt-DNA adducts detectable 3 months after CDDP perfusion.
DISCUSSION
The existence of natural resistance or the development of acquired resistance to CDDP is the major cause of treatment failure with this drug in solid tumours. Studies in a variety of cell lines have revealed that several mechanisms can be involved in resistance to CDDP, including decreased drug accumulation, increased detoxification, decreased DNA platination and/or increased DNA repair (Bedford et al, 1988; Andrews and Howell, 1990; Fry et al, 1991; Sark et al, 1995) . In almost all models, a combination of mechanisms is found, often resulting in a reduced DNA platination. Current information, however, suggests that not only the occurrence of adducts but also their quantity determine the fate of the cell. Another important factor may be the degree of tolerance to such damage or alternatively the occurrence of apoptotic cell death.
For a long time, evaluation of the relationship between in vivo DNA platination and response to chemotherapy has been limited by the requirement of large quantities of human material for reliable measurements of DNA platination by AAS. The development of antisera against platinated DNA has opened the way for the detection of low-level Pt-DNA adducts in human material (Poirier et al, 1982; Lippard et al, 1983; Fichtinger-Schepman et al, 1985; Plooy et al, 1985; Sundquist et al, 1987; Terheggen et al, 1987 Terheggen et al, , 1991 Tilby et al, 1991; Chao et al, 1994) . Until now, no serial measurements of Pt-DNA adducts have been performed in tumour cells of CDDP-treated patients.
In the present study, we describe the adaptation of a routine immunocyto-and histochemical staining protocol using GPt, the newly developed polyclonal antibody against platinated DNA, allowing sensitive detection of Pt-DNA adducts at a single-cell level in small samples of a broad range of material. Moreover, the morphological localization of Pt-DNA adducts with this technique allows analysis of tumour tissue and normal tissue. GPt, derived after immunization of rabbits with highly CDDP-platinated human DNA and subsequent purification of serum by affinity chromatography, was shown to detect the main Pt-containing intrastrand (Pt-GG) and interstrand adducts. An immunocyto-and histochemical technique was developed that allows the detection of low-level Pt-DNA adducts. Multiple fluorescence video image analysis, FLFM, was successfully used to quantitate the Pt-DNA adducts.
British Journal of Cancer (1997) Differences in Pt-DNA adduct levels after in vitro CDDP exposure between CDDP-sensitive and-resistant cell lines could be clearly detected. DNA platination measurements with AAS showed a 1.6-fold difference in DNA platination between GLC4 and the CDDP resistant GLC4-CDDP at the highest CDDP incubation concentration used in the present study (Terheggen et al, 1988 (Poirier et al, 1985 (Poirier et al, , 1992 Reedet al, 1986 Reedet al, , 1987 Reedet al, , 1988 Reedet al, , 1990 Parkeret al, 1991) . More recently, this correlation has also been shown for patients with 24 different types of malignancies. This suggests that leucocytes may process DNA platination in a similar way to the tumour, regardless of the tissue of origin of the tumour (Dabholkar et al, 1992; Reed et al, 1993) . Furthermore, similar levels of DNA platination have been reported in tumour and bone marrow tissue obtained at autopsy from Pt-treated patients Poirier et al, 1992) . The same studies, however, also showed differences in DNA platination between various organs and human tissues from the same patients. Fichtinger-Schepman et al (1985, 1989) used antibodies raised against synthetic haptens mimicking the Pt-containing digestion products of DNA to detect the various Pt-DNA adducts after chromatography of enzymatically digested DNA samples, also by use of the ELISA (Plooy et al, 1985) . They also reported higher Pt-DNA adduct levels in the leucocytes of testicular cancer patients who showed a complete tumour response than in the leucocytes of those with a partial response or progressive disease. Substantial interindividual variation in Pt-DNA adduct levels after treatment was observed, correlating with Pt-DNA adduct levels obtained after in vitro CDDP exposure of leucocytes from the same patients sampled before treatment (Fichtinger-Schepman et al, 1990) . Den Engelse et al used immunodensitometry to study Pt-DNA adduct levels in buccal cells after CDDP and/or carboplatin exposure (Terheggen et al, 1988; Gill et al, 1991; Blommaert et al, 1993) . In addition, for buccal cells, large interindividual differences in Pt-DNA adduct levels were reported after carboplatin and/or CDDP treatment. Pt-DNA adduct levels were found to be higher in partial responders than in non-responders (Blommaert et al, 1993) . Human buccal cells incubated in vitro with CDDP showed linear relationships between Pt-DNA adduct levels and either CDDP concentration or incubation time. No quantitative correlation, however, was found between in situ and in vitro Pt-DNA adduct levels (Terheggen et al, 1988) .
Only Fichtinger-Schepman et al (1990) have reported a case of Pt-DNA adduct levels during treatment. They measured Pt-DNA adducts in DNA isolated from a testicular tumour 3 days after the first cycle of a 5-day CDDP regimen. The Pt-GG adduct level in tumour tissue was 10-fold higher than in leucocytes during CDDP treatment (Fichtinger-Schepman et al, 1990 ).
In the present study, only small series of samples were evaluated for Pt-DNA adducts after treatment with CDDP in vivo. Pt-DNA adducts could be clearly detected in buccal cells, tumour cells and paraffin-embedded tumour biopsies after CDDP-containing therapy and moreover, as far as was evaluable, was found to be correlated to response to chemotherapy. Additional information on this subject, focusing on the quantity of Pt-DNA adducts after in vivo exposure or the level of Pt-DNA adducts after in vitro CDDP exposure as a measure for therapy response in readily accessible tumour tissues, is however needed. The method described in this study allows analysis of low-level Pt-DNA adducts at a single-cell level in small samples after both in vitro and in vivo exposure to CDDP and, therefore, may allow the measurement of the amount of Pt-DNA adducts required to predict response to CDDP-based therapy.
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